Objective: To evaluate compliance with American College of Surgeons (ACS) guidelines and whether trauma center designation, hospital traumatic spinal cord injury (TSCI) case volume or spinal surgery volume is associated with paralysis. We hypothesized a priori that trauma center care, by contrast to nontrauma center care, is associated with reduced paralysis at discharge. Summary Background Data: Approximately 11,000 persons incur a TSCI in the United States annually. The ACS recommends all TSCI patients be taken to a level I or II trauma center. Methods: We studied 4121 patients diagnosed with TSCI by ICD-9-CM criteria in the 2001 hospital discharge files of 7 states (Florida, Massachusetts, New Jersey, New York, Texas, Virginia, Washington), who were treated in 100 trauma centers and 601 nontrauma centers. We performed multivariate analyses, including a propensity score quintile approach, adjusting for differences in case mix and clustering by hospital and by state. We also studied 3125 patients using the expanded modified Medicare Provider Analysis and Review records for the years 1996, 2001, and 2006 to assess temporal trends in paralysis by trauma center designation. Results: Mortality was 7.5%, and 16.3% were discharged with paralysis. Only 57.9% (n ϭ 2378) received care at a designated trauma center. Trauma centers had a 16-fold higher admission caseload (20.7 vs. 1.3; P Ͻ 0.001) and 30-fold higher surgical volume (9.6 vs. 0.3; P Ͻ 0.001). In the multivariate propensity analysis, paralysis was significantly lower at trauma centers (adjusted odds ratio 0.67; 95% confidence interval, 0.53-0.85; P ϭ 0.001). Higher surgical volume, not higher admission volume, was associated with lower risk of paralysis. Indeed, at nontrauma centers, higher admission caseload was associated with worse outcome. There was no significant difference in mortality. Conclusions: Trauma center care is associated with reduced paralysis after TSCI, possibly because of greater use of spinal surgery. National guidelines to triage all such patients to trauma centers are followed little more than half the time. (Ann Surg 2009;249: 10 -17) E ach year, approximately 11,000 people suffer traumatic spinal cord
injury (TSCI) in the United States. 1 Although injuries can be fatal, persistent paresis and paralysis are more common, such that approximately 300,000 Americans live with TSCI-induced paralysis at an annual healthcare cost of $9.8 billion. [2] [3] [4] Recent studies suggest that paralysis may be reduced by prompt diagnosis, surgical decompression and stabilization, and intensive care. [5] [6] [7] [8] [9] [10] [11] Such management necessitates the immediate availability of advanced radiologic, ortho-/neurosurgical, and critical care services, such as those provided by level I and II trauma centers (TC). Currently, the American College of Surgeons Committee on Trauma (ACS-COT) recommends all TSCI be cared for at level I or II TCs, a recommendation incorporated into many state trauma systems and ratified in many state legislatures. 12 However, there are logistic constraints to implementing and maintaining the ACS-COT recommendation for TSCI, and debate continues over the superiority of outcomes at TCs versus other institutions. Considerable evidence derived from studies in both medical and surgical disciplines highlights the association between admission and/or surgical case volume and outcome, yet the association of each of these dimensions of trauma care (ie, trauma center designation, admission volume, surgical volume) with TSCI-induced paralysis is unknown. 13, 14 We therefore examined the management of TSCI patients across 7 large states that endorse the ACS-COT guidelines. Our goals were to determine compliance with the ACS-COT guidelines and to determine whether there were differences in outcome associated with the level of trauma care. We also explored the extent to which any observed differences in outcome between TCs and non-TCs were because of either TSCI admission volume or volume of TSCI-related surgeries.
METHODS

Patient Selection and Classification
We conducted our analyses in 7 large states: Florida, Massachusetts, New Jersey, New York, Texas, Virginia, and Washington. This sample incorporates northern, southern, eastern, and western geographic regions of the United States, urban and rural populations, and states with both mature, as well as, recently implemented trauma systems. We used 2 patient data sources: state hospital discharge data [15] [16] [17] [18] [19] [20] [21] and the expanded modified Medicare Provider Analysis and Review (MEDPAR) 22 record, each of which were analyzed separately. The 2001 hospital discharge files include all discharge abstracts from the 1411 nonfederal, nonpediatric hospitals, and were used to examine patterns of care and outcome for patients of all ages in all states, to estimate case and operative volumes, and to calculate distances. We used MEDPAR data for the years 1996, 2001, and 2006 to examine temporal trends in the odds of paralysis in the Medicare population of these 7 states by center level of trauma care.
In both the state discharge and MEDPAR data, we identified patients Ն16 years of age with an acute trauma diagnosis code (800 -999), excluding late effect of injuries (905-909), foreign bodies (930 -939), trauma complications (958), poisoning (960 -989), external causes (990 -995), and complications of medical and surgical care (996 -999). Cases were defined as patients with a diagnosis of acute traumatic lesion to neural elements in the spinal canal with or without a major vertebral fracture. 23 Patients with ICD-9-CM codes 806 (fracture of the vertebral column with spinal cord injury) and 952 (spinal cord injury without evidence of spinal bone injury) in primary or secondary diagnoses were included. TSCI was subclassified by location (ie, cervical, thoracic, lumbar, sacrococcygeal, or unspecified) and the presence of associated vertebral fracture.
Patient Variables
In both the states, discharge and MEDPAR data mortality was defined as death during the index hospitalization. Paralysis was defined as the presence of ICD-9-CM codes 342.0, 342.10, 342.11, 342.12, 342.9, 343-344, and all associated subcodes as primary or secondary discharge diagnoses.
In both the state discharge and MEDPAR data, we abstracted the following elements: age, gender, ICD-9-CM codes for principal diagnosis and up to 14 secondary diagnoses, primary and secondary E-codes, hospital identification, length of stay, intensive care unit admission, hospital discharge disposition (alive, dead), discharge destination (to home, to another hospital), and admission source (transfer from another hospital). 24 National and state population data were obtained from the US census website. 25 Abbreviated injury scale (AIS) score and injury severity (ISS) score were calculated using ICD-9 to AIS/ISS conversion software. 26, 27 The ISS was calculated from AIS using the standard formula and categorized (Ͻ10, 10 -15, 16 -25, and Ͼ25). 28 Mechanism of injury was categorized as falls (E880-8), motor vehicle crashes (E810-9, E826-9), or other causes (E820-5, E830-48, and E919). We used documentation of the presence of shock to measure the degree of physiological derangement.
Comorbidities were identified and individually entered into the model in accordance with the methods of Elixhauser. 29 Because this method does not include neurologic diseases and osteopeniaosteoporosis, which may correlate with the risk of paralysis, we included these as individual covariates. The use of an alternative model in which the Charlson-Deyo score replaced the individual indicators of preexisting conditions yielded similar results. 30 We determined the number of subjects who were admitted to the intensive care unit, who were mechanically ventilated, and who received blood transfusions. We identified patients who were subjected to a TSCI-related surgical procedure: exploration/decompression surgery, vertebral fracture repair surgery, and spinal fusion (procedure codes 03.0ϫ, 03.53, and 81.0, respectively).
Hospital Variables
In both the state discharge and MEDPAR data, hospitals were classified as TC if they met the criteria of the state, regional authority, or the ACS-COT for a level I or II TC for the year studied using the Trauma Inventory and Exchange Program database. 31 All other institutions were grouped as non-TCs. Hospitals were classified by the number of annual TSCI admissions (1-9, 10 -19, 20 -29, Ն30) and the number of annual TSCI-related surgical procedures (0 -4, 5-9, 10 -14, Ն15). Our interest was to quantify the volume of hospital exposure and of the particular care (ie, surgery) administered; hence, we considered hospital as the unit of analysis.
Statistical Analyses
Univariate analyses of continuous and categorical variables were performed with Student t test and Pearson 2 test as appropriate. Statistical significance was determined at P Ͻ 0.05. We performed multivariate logistic regression to assess the association between TC care and the risk of paralysis or mortality using generalized estimating equations to calculate crude and adjusted odds ratios (OR) with 95% confidence intervals (95% CI), account-ing for the correlation within hospitals. 32 In the state discharge data, we explored whether differences in outcome between centers were because of either the volume of TSCI admissions or operations using the fractional polynomial method. 33 After univariate analyses, all significant predictors and potential confounders were included in the full multivariate model. In addition to adjusting for significant covariates in multivariate analysis, residual confounding and selection effects were addressed using propensity scores. To develop the propensity score for TC care, we first performed multivariate logistic regression analysis of all factors that differed in the TC and non-TC groups. The final derivation model included 68 predictor variables and interaction terms: age, gender, race, state, mechanism of injury, ISS, AIS (head, thorax, abdomen, spine, upper extremity, lower extremity), maximum AIS, TSCI location, presence of vertebral fracture, distance to a trauma center, comorbidities, shock, and mechanical ventilation. The C statistic for the propensity score derivation model was 0.80, indicating a strong ability to discriminate between patients who received and who did not received TC care. A propensity score for TC treatment was then calculated for each patient and ranged from 0.0022689 to 0.999897. These scores were classified into 9 strata (Յ0.20, 0.21-0.40, 0.41-0.50, 0.51-0.60, 0.61-0.70, 0.71-0.75, 0.76 -0.80, 0.81-0.90, and Ն0.91), each with a balanced distribution of 62 of the 68 predictor covariates and the mean propensity score. A second multivariate logistic regression based on a propensity score quantile approach was performed. 34 -36 A summary estimate was calculated using the random effects methods of DerSimonian and Laird. 37 Also, because the effects of a TC may vary by state, interaction terms between state and TC were included, and state-specific ORs were calculated. Variation in state-specific ORs was evaluated with both tests of homogeneity and I 2 . 38 Because death may introduce bias into the documentation of paralysis, we constructed a competing risk model to assess the robustness of our initial observations. Stepwise logistic regression was conducted to model the risk of the combined outcome of "dead but not paralyzed." These probability weights were incorporated into the initial regression. Furthermore, paralysis could be preexisting; hence, we determined the frequency of these codes in all non-TSCI admissions to the study hospitals during the same period. The fit of the models was verified with the Hosmer-Lemeshow goodness-of-fit test.
In the state discharge data, we explored whether rates of care at TCs varied by distance between a subject's home and the nearest TC by calculating the distance from the centroid of the home and hospital zip codes using the spherical coordinates on the earth and the Greater Circle method. 39 x 1 ϭ patient latitude; x 2 ϭ hospital latitude
where the earth's radius (R) ϭ 3963.189 miles.
To illustrate the absolute magnitude of the effect of distance on TC admission, we performed conditional standardization of the regression results for a patient with median values for the covariates in the model. We used FoxPro (Microsoft, Redmond, WA) to build our database and conducted the statistical analyses with Stata 8SE software (College Station, TX).
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RESULTS
Subjects
In the "all age" state hospital discharge sample from 2001, there were 4121 TSCI hospital admissions, of which 2378 (57.9%) were admitted to a TC (Table 1) . Only 50 TSCI patients initially transported to non-TCs were transferred within 48 hours to a TC. In the MEDPAR data, a total of 3125 patients were identified as having sustained TSCI; admissions increased over time: 899 in 1996, 934 in 2001, and 1292 in 2006; however, the proportion admitted to a TC remained stable over time, 34% versus 37% versus 36%, respectively (P ϭ 0.38). For both samples patients treated at non-TC centers were older, more likely to be women, and more likely to have chronic diseases, including osteoporosis/osteopenia (Table 1) . They were less severely injured, suffered less severe spinal injuries, and were less likely to have spinal fractures or involvement of the cervical region (Table 1) .
Transportation Distance
As shown in Figure 1 in which distance is examined as a continuous variable in a multivariate model, the probability of 
Patterns of Care at Trauma Centers and Non-Trauma Centers
The average annual TSCI admission volume was 16-fold higher at TCs than at non-TCs (20.7 vs. 1.3 TSCI admissions per year; P Ͻ 0.001) ( Table 2 ). Only 33 of 1295 (2.5%) non-TCs admitted Ն10 TSCI patients, compared with 74 of 116 (63.8%) TCs. TCs, on average, performed 30 times the number of TSCI surgeries than non-TCs (9.6 vs. 0.3 TSCI surgeries per year; P Ͻ 0.001). Furthermore, 1125 of 1295 (86.8%) non-TCs did not perform any TSCI-related surgery compared with 21 of 116 (18.1%) TCs (P Ͻ 0.001). More patients at TCs underwent a TSCI-related surgery than at non-TCs (46% vs. 24%, P Ͻ 0.001) ( Table 2 ). The most frequently performed procedure was spinal fusion, followed by decompression and repair. After adjusting for differences in case mix, including hospital admission volume, the probability of receiving surgical intervention at TCs was twice that of non-TCs (adjusted OR: 2.3, 95% CI, 1.8 -2.9; P Ͻ 0.001). They were also more likely to receive intensive care, ventilatory support, and blood transfusions.
Paralysis
In the all-age samples, there were 672 (16.3%) patients discharged with paralysis. The observed paralysis rate was lower at TCs than non-TCs (13.1% vs. 20.7%; P Ͻ 0.001), yielding a crude OR of 0.70 (95% CI, 0.55-0.90; P ϭ 0.004) ( Table 3 ). Among non-TSCI patients there was no difference between TCs and non-TCs in the rates of paralysis (1.22% vs. 1.22%). After adjustment for differences in case mix, the risk of paralysis remained significantly lower at a TC than a non-TC (adjusted OR, 0.69; 95% CI, 0.52-0.90; P ϭ 0.007). Multivariate logistic regression based upon a stratified propensity score approach yielded similar estimates (adjusted OR, 0.67; 95% CI, 0.53-0.83; P Ͻ 0.001); there was little variation in paralysis ORs across propensity strata (P value for heterogeneity ϭ 0.61, I 2 ϭ 0%) or across the different states (P value for heterogeneity ϭ 0.56, I 2 Ͻ 5%). The competing risk model The reduction in paralysis with care at a TC varied with the severity of spinal injury (2-sided P ϭ 0.02 by a global test for 2-way interactions between type of hospital and AIS spine score), such that the associated benefit of TC care was greater for patients with more severe spinal injuries ( Table 3 ).
The Effect of Case Volume and Surgical Volume on Paralysis Rates
The effect of admission volume on the risk of paralysis varied between TCs and non-TCs (2-sided P ϭ 0.06 by a global test for 2-way interactions between type of hospital and admission volume). As shown in Figure 2A , where hospital TSCI admission volume is examined as a continuous variable in a multivariate model, non-TCs demonstrated a significant increase in paralysis throughout the distribution of admission volume, with the highest admission (Ն30 patients) centers having a risk of paralysis that was 7-fold that of the lowest admission (0 -9 patients) centers (adjusted OR, 7.0; 95% CI, 1.7-29; P ϭ 0.007). Paralysis at TCs, however, remained stable up to the highest hospital admission volume of 140 patients per year (Fig. 2B) . Hence, among hospitals admitting at least 30 TSCI patients, the risk of paralysis at TCs was 5-fold lower than at non-TCs (adjusted OR, 0.20; 95% CI, 0.06 -0.61; P ϭ 0.005) ( Table 3 ).
The risk of paralysis decreased with increasing TSCI surgical volume for both types of hospitals (Fig. 2C ). Hospitals performing Ն15 TSCI surgical cases had a lower risk of paralysis than those performing the fewest (0 -4 cases) (adjusted OR, 0.40; 95% CI, 0.11-1.4, P ϭ 0.15). However, 4 (44%) of the 9 non-TCs admitting Ն20 patients annually performed no TSCI-related surgery, whereas 100% of the 41 TCs admitting this volume performed at a minimum, 8 TSCI-related surgeries.
Mortality
The mortality rate was 8.2% at TCs and 6.3% at non-TCs (crude OR, 1.36; 95% CI, 1.02-1.77). After adjusting for differences in case mix, the odds of death were lower at TCs, although this estimate did not attain statistical significance (adjusted OR, 0.88; 95% CI, 0.61-1.25; P ϭ 0.48) ( Table 3 ). The propensity adjusted model yielded similar results (adjusted OR, 0.84; 95% CI, 0.49 -1.42, P ϭ 0.51).
DISCUSSION
TSCI has been accepted by nearly every trauma committee and organization as an injury mandating transportation to a level I or II trauma center. 12 Despite these recommendations, compliance is poor as less than two-thirds of TSCI patients in our study received appropriate TC care. Furthermore, those cared for at non-TCs were managed quite differently, with less likelihood of receiving surgical spine decompression/stabilization care, and were more likely to develop paralysis.
A distinguishing characteristic of trauma care is the designation of centers as to the level (I-V) of trauma care that can be provided, and studies have noted improved survival among injured patients receiving the highest level (I) of definitive care. 40 Related outcome studies in medical and surgical disciplines have also observed a direct relationship between improved outcome (ie, mortality) and the volume of specific care rendered. 13, 14 Our study has attempted to discern the individual contribution of TC accreditation, of TSCI admission volume, and of TSCI-specific operative volume toward improved outcome. In addition to TC designation, increasing hospital TSCI surgical volume was associated with a reduced risk of paralysis for both types of hospitals. The plausibility of this association is supported by several biologic studies that observe improved functional outcome with early spinal decompression. 7, 11 However, despite the similar benefit of increasing surgical volume for both types of hospitals, the probability of receiving operative intervention at TCs was more than twice that of non-TCs. Hence, the provision of distinct interventions (ie, TSCI spinal surgery), in addition to characteristics inherent in TC designation, may be needed to optimize neurologic outcome. This specialized care does not develop solely through increased exposure to patients. For non-TCs, we noted a near 7-fold increase in the risk of paralysis at the highest volume compared with the lowest volume hospital; by contrast, paralysis was similar at all categories of admission volume for TCs.
The improvement in paralysis with TC care was greatest among patients sustaining the most severe spinal injuries (ie, AIS Ն4). The most severely injured are particularly likely to benefit from the specific technological capabilities required of TCs, 40 including 24-hour neurosurgical intervention, for which studies have identified an association with improved neurologic outcome. 6 -8 We did observe a nonsignificant reduction in mortality with treatment at a TC that approximates the estimates recently reported by the larger NSCOT study. 40 We cannot identify a reason as to why these results would not be applicable to TSCI patients, and the lack of significance most likely stems from the inability to adjust for unobservable differences in case mix. Given our findings, it becomes imperative to identify the sources of variability in transporting patients to the appropriate definitive center. Older age, mechanism of injury, lower severity of injury, osteoporosis, and absence of a vertebral fracture were associated with treatment at a non-TC. The elderly are particularly likely to be triaged to non-TCs, in part, because they are susceptible to spinal injuries from relatively low mechanisms of injury (ie, falls), and are less likely to manifest the physiologic triggers that prompt transfer to a TC. 41, 42 Current anatomy-, physiology-, and mechanism-based triage filters are associated with excessive undertriage rates, particularly for elderly patients. [41] [42] [43] [44] [45] [46] [47] [48] [49] Such data suggest that future performance improvement focus upon enhanced injury recognition, which may prompt revising current thresholds for TC transportation. However, even after controlling for characteristics available for triaging (age, comorbidities, ISS, presence of shock), distance to a TC remained associated with a reduced probability of TC care. Hence, additional efforts to ensure that TSCI patients receive appropriate TC care will necessitate addressing the influence of geographical trauma system arrangements on undertriage.
Our study has several limitations. We have attempted to address the issue of TC referral bias by adjusting for severity of injury and other covariates known to influence the risk of paralysis and death; however, such bias would favor non-TCs. Furthermore, a stratified propensity multivariate approach to adjust for residual bias yielded similar estimates of the association between TC care and reduced paralysis. We are unable to determine the timing of paralysis as it relates to TSCI, and it is plausible that TSCI patients who present to non-TCs already paralyzed may have been retained because of futility. The AIS scoring system used does incorporate some aspect of neurologic deficit (incomplete vs. complete) and hence, does provide some adjustment for admission neurologic function. However, paralysis is both an obvious, as well as, an ACS-specified indication for direct transportation or interfacility transfer to a TC. Similarly, we are unable to establish a cause-effect relationship between surgical volume and paralysis, though the plausibility of an association between surgical decompression and paralysis is strengthened by several biologic studies and an apparent "doseresponse" relationship. 7, 11 Perhaps the "type" of TSCI differed between TCs and non-TCs. However, we extensively controlled for all conceivable aspects of characterizing TSCI, which did not significantly alter our estimates. Discharge abstracts do not include physiologic information that might have allowed better characterization of the severity of injury. However, TCs typically receive the sickest of patients, as evidenced in our study. Hence, it is likely that such miscoding would favor non-TCs. Similarly, systematic differences between TCs and non-TCs in the coding of diagnoses and procedures could have led to the under-recording of comorbidities, particularly for the severely injured patient more characteristic of TCs, and thereby hindered our ability to adjust for important covariates. 50 -52 In our analysis of mortality, we were unable to distinguish patients for whom care was TSCI Care Patterns and Outcome withdrawn from the entire cohort that died. Finally, our evaluation of distance employed patient residence as a surrogate for origin of injury, and actual distance may vary relative to the relationship of actual location of injury and patient residence. Current compliance with trauma triage protocols for TSCI is low. Level I to II trauma care is associated with reduced paralysis, which may be because of the availability of care specific to higher levels of trauma care designation. Merely increasing center volume, in the absence of the necessary services and technology, seems to be of little benefit. Though this advanced care (ie, surgical intervention) may reduce the risk of paralysis, patients are less than half as likely to receive it at non-TCs. Further studies are warranted to delineate the causal mechanisms for these associations and identify the obstacles to appropriate triage and transportation.
